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I.  INTRODUCTION 


Th«  34th  Muting  of  th«  Propulsion  and  Energetics  Panel  on 
Ructlona  between  Gaaea  and  Solids "was  an  lnterdiaclpllnary 
col loqulias, held  at  the  Aeroapace  Research  Laboratories  of  OAR 
at  Mrlght-Patterson  APB,  Dayton,  Ohio,  13  -  16  October  1969.  The 
program  coaaalttee  chairman  waa  Colonel  Paul  G.  Atklnaon,  Jr.,  USAF. 

The  objective  waa  to  bring  together  experta  In  the  dlverae 
flelda  of  corroalon,  combuatlon,  ablation,  and  ero*lon.<  Each  of 
theae  flelda  la  uaually  atudled  and  practiced  aa  a  aeparate  engineer* 
log  apec laity.  Direct  coeaminieation  between  apeclalleta  croaalng 
lnterdiaclpllnary  boundarlea  waa  Intended  to  atlmulate  new  Insights 
In  dullng  with  the  many  practical  problems  which  Involve  some 
aspect  of  gaa-solid  reactions. 

The  colloquium  subject  waa  selected  by  the  Panel.  The  agenda 
was  structured  to  cover  the  fundamentals  of  kinetics  and  surface 
phaae  reactions,  with  surveys  of  the  Individual  fields,  current 
advances  In  theae  flelda  by  various  NATO  laboratories,  and  a  round¬ 
table  discussion  to  consider  the  consonallty  of  the  various  gas- 
solid  ructlona.  The  round-table  discussion  waa  chaired  by  Prof. 

8.  S.  Parmer,  University  of  California,  San  Dtago.  The  other 
participants  were  Prof.  Dr.  Ing.  K.  Hauffe,  University  of  Gottingen; 

Prof.  1.  Glaaaman,  Princeton  University;  Prof.  R.  Monti,  University 
of  Naples;  and  Prof.  D.  E.  Rosnar,  Tale  University.  Additional  com- 
m'ents  were  offered  by  Dr.  R.  F.  McAlevy  III,  Stevens  Institute  of 
Technology;  Mr.  I.  Clark,  A F  Flight  Dynamics  Laboratory;  and  by  Dr.  P. 
Hancock,  University  of  Glasgow. 

As  the  round-table  had  been  organised  to  include  participation 
by  scientists  active  In  the  various  fields,  the  pertinent  discussions 
contributing  to  an  evaluation  of  the  meeting  are  reproduced  In 
Section  III.  For  the  convenience  of  the  reader,  the  evaluation  Is  sunmar- 
lsed  In  Section  11. 


II.  SXMIARY 


1.  From  Professor  Hauffe’s  and  Mr.  James  Clark  AFFDL  Coranents: 

The  objective  of  the  metallurgist  is  to  Inhibit  corrosion  and  Increase  the  lifetime  of  metallic  struc¬ 
tures  under  conditions  supporting  oxidation  at  lov  and  at  high  temperature.  Our  present  knowledge  of 
low-and  high- temperature  oxidation  is  well  developed  insofar  as  conventional  techniques  of  metallurgy 
are  concerned.  To  achieve  further  progress  In  Inhibiting  corrosion,  we  must  employ  new  methods  and 
approaches  borrowed  from  solid-state  physics.  For  example,  the  use  of  auxiliary  electric  fields  to 
influence  the  migration  of  ions  and  electrons  does  influence  oxidation  rates.  Some  experimental  data 
from  the  A?  Flight  Dynamics  Laboratory  support  this  contention.  The  application  of  a  plus  or  minus 
45-volt  electrical  potential  to  a  type  347  stainless-steel  Insulated  synmetrlcal  airfoil  reduced  the 
corrosion  rate  by  more  than  60%  when  subjected  to  a  gas  flow  of  1900°F. 

Further  knowledge  of  surface  chemistry  and  ceramics  could  lead  to  achieving  a  compact,  coher¬ 
ent  oxide  layer  which  adheres  to  the  metal  itself  and  Inhibits  further  oxidation  of  the  metal.  We  can 
also  learn  from  those  studying  the  combustion  of  metals.  Understanding  the  initial  formation  of  reaction 
product  layers  is  clearly  Important. 

2.  From  Professor  Classman's  and  Processor  McAlevey's  Coranents: 

The  Interest  in  gas-solid  reactions  In  combustion  relates  to  promotion  of  ignition  and  oxidation  of 
metals  In  order  to  obtain  rapid  and  complete  release  of  the  heat  of  combustion  in  the  chamber  to  obtain 
high- temperature  cycles  and  high  efficiency.  Both  are  necessary  for  high  performance  propulsion  de¬ 
vices.  In  solid  propellants,  which  are  highly  loaded  with  aluminum,  for  example,  the  protective  oxide 
coating  is  detrimental  to  combustion.  The  aluminum  particles  do  not  ignite  spontaneously.  Rather,  they 
melt  first,  tend  to  agglomerate,  and  do  not  burn  to  completion  in  the  combustion  chamber.  Similar  pro¬ 
blems  exist  with  beryllium  In  rockets  and  with  boron  In  oxygen  or  air. 

Approaching  the  problem  from  a  chemical  point  of  view  might  well  be  productive.  Introduction 
of  a  chlorine  or  fluorine  atom  may  yield  a  more  volatile  oxide  coating  or  else  Induce  catalytic  effects 
leading  to  better  ignition,  more  rapid  combustion  and  higher  efficiency.  Perhaps  we  could  produce  an 
"oxide"  coating  artlflcally  by  using  chlorine  Instead  of  oxygen,  this  oxide  coating  would  have  a  lower 
transition  temperature  and  would  be  easier  to  ignite  In  practical  propulsion  systems. 

3.  From  Professor  Monti's  Comments: 

The  general  problem  of  heat  and  mass  transfer  is  involved  in  combustion,  oxidation,  erosion  and  ablation 
processes.  In  the  latter  two,  the  experimenters  are  quite  concerned  with  simulating  the  thermofluld- 
dynamic  environment,  whereas  in  studying  combustion  and  oxidation  this  is  not  always  the  case.  Addi¬ 
tional  efforts  should  be  made  to  simulate  the  real  conditions  of  heat  and  mass  transfer  (cooling  and 
flow)  in  which  combustion  and  oxidation  occur  in  order  to  obtain  realistic  experimental  data  and  better 
evaluation  with  consequent  better  understanding  of  the  process. 

In  erosion,  which  occurs,  for  example,  in  rocket  noesles  when  solid  particles  are  entrained 
in  the  gas  flow,  the  importance  of  simple  mechanical  impingement  Is  recognised.  Two  other  effects  which 
would  be  of  interest  for  study  are  the  heatiug  effect  caused  by  this  impingement  and  the  additional 
effect  of  Impingement  of  particles  on  surfaces  subject  to  mechanical  stress.  Better  understanding  of 
erosion  phenomena  would  have  imnedlate  application  to  rocket  nossles  and  reentry  vehicles. 

4.  Frcsn  Professor  Rosner's  and  Professor  Penner's  Coranents: 

In  many  Investigations  of  gas-solid  reactions,  particularly  those  of  an  applied  nature,  we  are  faced  with 
many  complexities  in  the  geometry,  and  physical  and  chemical  processes  which  are  occurring  simultaneously. 
In  the  past,  it  has  frequently  been  necessary  to  lump  ■any  of  these  processes  into  a  few  gross  parameters 
to  measure  and  analyse.  A  great  deal  of  detail  has  thus  been  burled  in  a  few  parameters.  Quantitative 
description  of  Important  phenomena  is  thereby  1  ;?;t  cr  controlling  phenomena  remain  unrecognised.  How¬ 
ever,  progress  la  being  made.  The  authors  ot  several  of  the  paper*  presented  this  week  have  shown  what 
can  be  done  with  digital  computation  on  systems  which  are  both  geometrically  and  chemically  complex. 

But  problems  remain.  One  is  that  the  requisite  Input  data  (on  chemical  kinetics,  for  example)  are 
usually  not  available.  In  many  cases,  the  available  data  were  attained  under  conditions  In  which  ob¬ 
served  rates  were  influenced  by  physical  phenomena.  Sometimes,  the  basic  input  data  we  need  involved 
novel  environments  such  as  irradiated  atmospheres  (nuclear  environment),  dissociated  atmospheres  (reentry 
regime),  and  ingested  complex  salts  (in  gas  turbines).  To  obtain  the  necessary  Input  kinetic  data,  we 
have  to  go  to  great  pains  to  extract  or  eliminate  the  effect  of  physical  phenomena.  It  la  also  necessary 
to  simulate  Important  aspects  of  the  novel  environments  for  which  we  need  basic  data.  The  detailed  sur¬ 
face  structure  must  be  known  for  the  solid  which  Is  undergoing  a  reaction  with  a  gas.  With  mor<  of  these 
basic  input  data  available  and  the  use  of  digital  computors,  ve  should  be  able  to  obtain  a  much  >ore 
complete  description  of  complicated  processes  In  combustion  and  ablation. 

Better  understanding  Is  especially  required  In  weapon-system  applications.  The  most  challeng¬ 
ing  task  involves  Identification  of  controlling  phenomena.  Here  we  must  draw  on  all  relevant  disciplines. 
That,  in  essence,  is  the  challenge  of  effective  engineering  and  applied  science.  Are  there  relatively 
simple  processes  with  dominant  Influence?  What  is  the  principal  driving  mechanism?  We  may  Judge  the 
success  of  our  views  by  the  correct  prediction  of  gross  observables.  When  these  predictions  are  in  error, 
we  must  reexamine  the  fundamental  inputs. 


5. 


Pros  Professor  Hancock's 


Metallurgists  have  worked  for  some  years  In  high- temperature  corrosion  seeking  a  protective  oxide  film 
for  turbine  blades  which  will  resist  disintegration  by  chloride  Ions  In  a  salt  air  environment.  Be¬ 
cause  of  atructural  limitations,  the  work  was  carried  to  about  1000°C  or  to  temperatures  up  to  about 
two-thirds  of  the  melting  temperature  for  blade  material.  The  problem  In  boron  and  aluminum  as  rocket 
propellants  Is  the  invarse.  Here  we  must  find  a  means  of  breaking  down  the  oxide  layer  (perhaps  with  a 
chloride  ion  to  enhance  oxidation).  This  naed  has  reopened  the  field  for  the  metallurgists,  end  there 
was  same  optimism  expressed  that  the  effective  utilisation  of  boron  in  rocket  engines  may  be  accomplished 
with  better  knowledge  of  gas-surface  interaction  phenomena. 
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III.  ROUND-TABLE  DISCU8SI0K 


Professor  8.  S.  Penner:  A»  I  Indicated  thl«  morning,  one  of  the  principal  purpoaee  of  thla  die- 
cusslon  la  to  help  the  responsible  panel  members  prepare  an  appropriate  evaluation  of  the  meeting.  The 
session  originally  had  the  title  of  "Something  on  the  Comsonallty  of  Fund amen tala",  and  as  I  suggasted 
this  morning  we  might  expand  that  to  discuss  new  problem  areas,  interface  or  coemoaality  problems,  and 
applications . 

Let  me  usurp  my  prerogative  for  a  couple  of  moments  and  make  some  observations  for  the  meeting  be¬ 
fore  letting  our  distinguished  colleagues,  who  really  know  what  they  are  talking  about, tell  ua  what  la 
going  on.  The  success  of  any  technical  meeting  Is  always  judged  by  the  quality  of  the  papers.  I  believe 
that  la  axiomatic.  When  looked  at  from  this  point  of  view,  I  am  certain  that  we  have  had  an  outstanding 

meeting  here.  I  have  read  all  of  the  papers  and  heard  many  of  them,  and  they  are  all  very  good.  I 

think  from  another  point  of  view  the  meeting  is  also  successful.  When  you  have  speakers  from  very 
different  disciplines  get  together  and  listen  to  each  other,  and  you  find  that,  after  two  or  three  days, 

In  a  very  subtle  way,  Ideas  from  Field  A  are  being  taken  for  granted  In  Field  C,  than  you  know  that  we 

have  made  some  progress.  It  would  be  very  easy  to  demonstrate,  I  think,  the  validity  of  this  observa¬ 
tion.  Yesterday,  for  the  first  time,  I  learned  about  Dr.  Hancock's  Intriguing  work  on  the  mechanical 
properties  of  materials  at  high  temperature  (15)*  and  perhaps  1  was  not  the  only  one  who  did  not  know  of 
this  work  before  coming  to  the  meeting.  And  yet  today  It  was  perfectly  clear  that  one  of  our  distinguish¬ 
ed  colleagues  here  spoke  as  though  he  had  been  aware  of  this  work  for  at  least  ten  years.  Now  that  Is 
the  kind  of  progress,  the  kind  of  success,  that  we  really  want  to  achieve.  I  believe  the  converse  le 
true  also,  that  the  people  working  In  fundamental  disciplines  find  that  their  work  has  additional  seeas 
of  relevance  to  the  ones  that  they  knew  about.  And  again,  this  conclusion  Is  easy  to  demonstrate  by 
noting  that  people  were  delighted  to  find  that  the  upper  limit  of  the  temperature  range  that  they  thought 
they  should  be  working  In  was  really  not  the  upper  limit  that  was  of  Interest  to  other  people.  So  In 
this  very  subtle  way,  I  think  the  planners  of  this  msetlng,  especially  Colonel  Atkinson,  have  been 
successful.  It  appears  that  there  are  complaantary  disciplines  that  people  working  In  thla  general  area 
of  metal-gae  interactions,  ought  to  know,  that  they  are  getting  to  know,  and  are  beginning  to  appreciate. 

I  think  that  was  McAlevy's  famous  consent  this  morning,  that  they  are  beginning  to  appreciate  what  they 
have  been  missing.  If  we  accomplish  just  that  at  a  meeting  of  this  sort,  I  think  we  have  tome  real 
progress  to  report. 

1  would  now  like  to  go  to  the  more  formal  presentations,  noting,  however,  that  the  distinguished 
people  here  are  not  proposing  to  preempt  the  evaluation.  I  suggest  that  each  man  here  speak  for  some¬ 
where  between  five  and  ten  minutes.  After  that,  any  man  In  the  audience  who  has  something  wise  to  say, 
end  I  am  excluding  all  or  part  of  a  prepared  lecture  when  I  say  something  wise,  pleasw  raise  his  hand 
and  c eminent  on  where  we  are. 

Professor  Hauffe  will  make  some  observations  on  the  relations  between  the  entire  meeting  and 
physical  phenomena  In  1*  temperature  oxidation. 

Professor  Hauffe:  It  la  a  vary  hard  Job  for  me  to  suaaarlse  but,  I  believe  that  the  lew  tempera¬ 
ture  oxidation  and  also  the  high  temperature  oxidation  depend  on  the  composition  and  the  structure  of  the 
material.  Our  present  knowledge  le  very  well  developed  and  I  believe  we  have  Just  arrived  at  the  so- 
called  limit.  Now  If  we  wish  to  be  more  successful,  we  should  Invite  quite  other  peoples,  let  me  say 
from  semiconductor  research,  as  we  have  to  develop  completely  new  methods.  I  remember  for  Instance 
that  we  can  employ  a  so-called  auxiliary  electric  field  to  Influence  the  migrations  of  the  lone  and 
electrons  on  the  one  side.  On  the  other  side,  we  have  to  cooperate  with  the  cerssalclsts  who  are  Interest¬ 
ed  In  fundamental  research  to  find  the  right  approach  to  get  a  batter  adhesion  of  the  various  growing 
oxide  scales.  The  main  trouble  Is  that  we  have  not  succeeded  In  the  development  of  corrosion  resistant 
metals  like  slrconlum  alloys  which  are  so  Important  for  the  atomic  reactor  Industries.  If  we  could  em¬ 
ploy  this  material  for  higher  temperatures  then  we  would  not  have  to  work  with  the  enriched  material. 

He  could  employ  the  classical  metallurgy  to  Increase  the  oxidation  resistance  of  titanium  and  alloys.  All 
these  questions  are  closely  connected  with  the  question  of  how  we  can  proceed  In  the  formation  of  a  co¬ 
herent  and  compact  oxide  layer  without  any  splitting  off  and  breaking  off.  But  this  Is  a  problem  where 
we  can  no  longer  employ  the  methods  which  we  have  employed  to  date. 

Professor  Penner:  Do  you  want  to  make  tome  concents  on  the  Interplay  between  your  area  of  activity 
and  some  of  the  adjacent  fields  you  heard  about  here?  This  Is,  the  detailed  knowledge  that  you  have  that 
It  not  yet  used.  For  example,  In  any  of  the  models,  let's  talk  about  metal  ignition.  In  an  appreciative 
way,  yet,  tn  a  quantitative  way,  that  le  not  there. 

Dr.  Hauffe:  I  believe  that  the  cooperation  of  people  from  the  solid  states  curricula  with  those 
who  are  engaged  with  the  ignition  of  metal  vapors,  vould  make  some  progress  In  this  field  aud  I  believe 
that  the  lecture  on  this  subject  was  very  Impressive,  very  Instructive  and  very  stimulating.  I  am  going 
home  with  many  ideas  about  what  we  should  do  further.  I  believe  that  the  understanding  of  the  Initial 
formation  of  reaction  product  layers  Is  very  Important. 

Professor  Penner:  Thank  you  very  much,  Professor  Hauffe.  I  might  make  a  concent  that  about  six 
weeks  ego  I  saw  an  extraordinary  demonstration  of  the  Interface  between  metals  and  explosions,  In  this 
case.  We  had  a  picnic  on  a  Siberian  peninsula  and  among  the  demonstrations  there  was  a  demonstration  of 
explosive  welding;  of  explosive  cladding,  of  two  metallic  substances  that  are  essentially  Incompatible. 


*  Numbers  In  parentheses  refer  to  papers  listed  at  the  end  of  this  report. 
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I  don't  want  to  pretend  that  I  really  understand  the  phyelca  that  1«  Involved  In  Baking  this  kind  of 
bond.  That  le  an  impress lve  example  again  of  where  different  disciplines  produce  amethlng  unusually 
useful. 

Professor  Hauffe:  If  I  may  make  a  concent .  For  Instance,  it  la  of  lntereat  that  space  vehicles 
do  not  use  titanium  alloys  although  titanium  alloys  have  many  useful  mechanical  properties.  The  reason 
la  very  simple.  If  we  employ  titanium  alloys  for  Instance  for  a  container  of  liquid  oxygen  end  you 
shoot  a  bullet  through  It,  then  you've  got  an  explosion  and  this  la  very  dangerous.  On  the  other  hand 
this  la  also  stimulating.  When  you  have  a  compact  material,  thick  compact  material,  and  you  have  In 
this  material  the  oxygen  reactant  and  you  now  give  them  initial  Ignition  -  suddenly  the  reaction  la  going 
very,  vary  fast. 

Professor  Fenner;  Well,  I'm  glad  you  closed  with  that  remark  because  that  leads  very  naturally 
to  our  next  cceanentator  who  will  now  explain  that  phenomenon  and  others. 

Professor  Classman:  You  knew,  I  do  have  an  explanation  for  that  one.  That's  another  area  of  work 
and  I  think  there  are  some  other  results  in  regard  to  flames  and  liquid  fuels  that  could  perhaps  shed 
same  light  on  that  problem.  But  I  think,  Sol,  you  asked  me  first  to  comment  on  solid  propellant  effects. 

I  think  that  was  the  major  point,  and  how . 

Professor  Fenner;  Combustion  processes  and  solid  propellants,  In  general. 

Professor  Classman:  Well,  I  think  the  way  I  would  like  to  approach  that  problem,  la  simply  to  say 
that  there  are  fundamentally  three  major  problems,  I  think,  which  exist  In  the  propulsion  area  today 
with  respect  to  metals.  There  are  probably  more,  but  three  coma  to  mind.  These  questions  really  arose 
in  the  question  period  after  my  presentation.  (19)  But  to  reiterate,  I  would  like  to  mention  them 
again.  One,  Is  the  ability  to  burn  aluminum  well.  I  think  one  of  the  major  problems  today  In  highly 
loaded  aluminized  propellants,  whether  you  want  It  for  the  direct  solid  propellant  or  the  solid  propell¬ 
ant  in  which  you  afterburn  the  metals,  using  certain  polymers,  Is  that  the  aluminum  will  agglomerate  on 
the  surface.  It  la  my  feeling  that  the  agglomeration  Is  caused.  In  part,  by  the  fact  that  these  particles 
do  not  Ignite  Instantaneously,  and  melt  and  then  agglomerate.  I  again  feel  that  If  we  could  do  something 
about  this  protective  oxide  coating  which  la  detrimental  to  us,  but  la  Important  to  the  metallurgists, 
then  perhaps  we  could  effect  this  problem  as  well.  I  still  think  there  la  work  to  be  done  on  how  one 
would  alleviate  the  problem  of  the  high,  to  use  my  own  terms,  transition  tee^erature  of  aluminum. 

The  second  major  problem,  I  think,  is  one  that  very  many  people  disagree  with  me  on,  and  that  Is, 
a  greater  understanding  of  the  Ignition  characteristics  of  beryllium.  I  am  still  very  strong  for 
beryllium  as  a  propellant  and  I  think  more  studies  arc  necessary  In  this  area.  The  third,  and  moat 
controversial  area,  I  believe,  Is  that  which  haa  to  do  with  boron.  I  do  think  If  one  could  burn  boron 
In  oxygen,  particularly  In  systems  which  will  later  use  air,  that  tha  advantages  are  enormous,  as  much 
as  my  statements  about  berylllvss  In  a  pure  rocket  system.  Tha  question  I  would  like  to  pose  to  my 
colleagues  who  are  more  Interested  in  oxidation  processes  ha*  to  do  with  what  we  could  do  to  make  boron 
burn,  and  I'll  say  this  In  quotes,  "In  the  vapor  phase".  That  la,  to  burn  rapidly.  The  question  arises, 
"Bow  does  one  remove  the  oxide  coating  which  forms  on  the  surface  vary  rapidly?”  In  fact.  If  I  may 
generalize  on  all  three  of  the  metals,  I  notice  a  hole  In  the  work  that  has  bean  carried  our  by  the 
metallurgists,  and  probably  rightfully  so.  They  still  have  a  lot  to  do,  and  I  say  this  hole  Is  a*  follows 
they  have  concerned  themselves  with  the  oxidation  processes  and  the  mechanical  properties  of  the  metal. 

As  Dr.  Hauffe  said,  they  are  Interested  In  the  solid  state  phenomena.  But  I  suggest  that  perhaps  a 
chemical  approach  may  be  wise.  As  I  watched  the  va.loua  data  put  on  the  board  during  the  past  two  days, 

I  saw  only  certain  compounds.  I  mean  I  saw  metals,  mostly  in  oxygen,  ease  In  water  vapor,  and  some  In 
CO2.  What  would  happen  If  I  put  a  small  Impurity  of  a  halogen  In  the  system?  I  think  a  colleague  here 
referred  to  that  in  his  question  to  me.  'What  would  happen  If  I  added  a  chlorine  atom  or  a  fluorine 
atom  or  any  other  atemi?"  Would  that  alter  the  characteristics  of  the  oxld*  coat?  Is  there  s  possibility 
of  adding  another  atom  which  would  provide  a  volatile  oxide,  In  tha  case  of  boron?  If  so,  tremendous 
strides  could  be  made  In  the  propulsion  field.  It  doesn't  seam  Incomprehensible  to  think  of  this  as  a 
possibility.  Perhaps  what  I'm  urging  is  that  you  change  your  chemical  composition  a  little  •  •  move  away 
and  try  whet  we  would  call  a  catalyst  which  will  make  boron  burn  more  rapidly  or  to  make  aluminum  Ignite 
more  quickly  before  It  agglomerates.  All  these  things  cut  down  very  appreciably  on  the  efficiency.  So, 

If  I  have  any  measage.  If  I  learned  anything,  I  wish  to  encourage  more  work  in  this  area  because  as  I 
said  In  my  presentation  I  think  It  Is  very  Important,  Thank  you. 

Professor  Penner;  Thank  you  very  much.  I  think  we  ought  to  proceed  with  the  prepared  comments. 

Our  next  dlscusaor  la  very  much  out  of  context  here  becauaa  he  has  not  yet  been  Chairman  of  the  session 
that  he  Is  supposed  to  be  chairman  of.  His  topic  haa  not  yet  been  adequately  reviewed  at  the  meeting. 
Nevertheless,  In  anticipation  of  great  things  yet  unheard,  he  Is  going  to  consent  on  one  of  the  funda¬ 
mental  problems  that  relates  to  metal-gas  Interactions  In  a  flew  system,  namely,  the  general  problem  of 
heat  and  mass  transfer  to  and  from  solid  surfaces. 

Professor  Monti;  I  was  very  kindly  commended  by  Professor  Fanner  to  say  something  sbout  this 
rather  large  and  broad  field.  Of  course,  everything  that  has  been  said  here  la  related  to  heat  and  mass 
transfer.  No  matter  what  problems  were  discussed,  we  had  oxidation,  ablation  and  we  vlll  have  erosion, 
and  they  all  deal  with  heat  and  mass  transfer.  We  did  not  hear,  and  will  not  hear  about  the  rather 
simple,  if  1  may  say  so,  processes  like  transpiration  cooling  or  film  cooling  or  family  fusion  processes, 
where  the  main  heat  transfer  Is  not  the  heat  relsasad  by  a  chemical  reaction.  But  at  the  same  time,  as 
I  said,  all  the  papers  will  be  concerned  with  heat  and  mats  transfer.  New,  it  seems  to  me  that  one  can 
separate  the  fields  of  ablation  and  erosion  from  the  field  of  oxidation  at  far  at  the  line  of  attack  is 
concerned.  The  ablation  and  erosion  people  seem  to  be  quite  concerned  and  they  try  to  simulate  the 


h 


the  theme  'ulddynamlc  en  -onment  In  wh  h  e  soild  material  la  burnt.  In  contract,  oxidation  by 
definition  is  more  baalc.  It  ieemt  to  me  that  they  are  not  to  much  concerned  with  simulating  the  real 
conditions.  I  think  an  area  to  Investigate  Is  simply  oxidation  under  a  real  simulated  envlrorauent  to 
have  a  better  evaluation  of  materials.  As  someone  else  will  say  something  on  ablation,  I  will  make  just 
a  few  remarks  on  the  subject  of  erosion,  vhleh  will  be  held  tomorrow.  I  think  that  an  interesting  sug¬ 
gestion  that  will  be  made  by  one  of  the  next  speakers  is  about  the  erosion  In  two  phase  flow,  mainly, 
in  a  rocket  nossle.  Now,  when  you  have  particles  in  flow  and  you  try  to  bend  their  trajectories  you  have 
quite  an  Important  erosion  phenomena  not  so  much  due  to  the  mechanical  effect  but  due  to  what  Is  called 
heating  Impingement.  Heating  impingement  in  two  phase  flew  with  different  parameters  seems  to  be  quite 
an  Interesting  area  to  explore.  At  the  same  time  another  important  effort  In  two  phaee  flew  Is  the 
growing  site  of  the  particles,  like  oxide  particles  In  a  rocket  exhaust.  Another  field  which  seems  to 
me  not  to  have  been  considered  here  is  tha  erosion  phenomena  under  mechanical  stresses  which  would  be  a 
great  interest.  Of  course,  now,  this  subject  of  erosion  as  we  treat  It  hare  Is  mainly  concerned  with 
aerospace  applications  and  this  leads  to  your  second  question.  With  rocket  trajectories  there  is  an 
immediate  application  in  aerospace  for  all  these  studies  which  you  shall  be  hearing  at  this  meeting. 

Professor  Fanner:  Thank  you  very  much,  Dr.  Monti.  The  three  principal  topics  that  I  posed,  I 
would  like  to  remind  the  audience  and  the  one  remaining  speaker,  are  new  fundamental  problems  that  seem 
to  have  been  suggested  by  the  discussions  here,  Interface  problems,  and  applications.  I  believe  each  one 
of  the  speakers  has  commented  to  some  extent  on  these  three  subjects.  I  would  like  to  turn  now  to  Profes¬ 
sor  Rosner  who  Is  going  to  discuss  ablation  processes  and  catalysts  and  whatever  else  the  others  here  on 
the  table  have  not  commented  on.  After  that  I  would  like  to  return  to  the  audience  for  a  general  dis¬ 
cussion.  Professor  Rosner. 

Professor  Rosner:  One  theme  Which  keeps  reappearing,  particularly  In  the  applied  papers  of  Heath 
(28)  ,  Guerini  (3)  ,  and  Barrere  (20)  Is  how  Inadequate  many  of  the  simple  thermochemical  bounds  we 
have  been  used  to  using  are,  and  how  Impatient  one  la  becoming  with  previous  lumped  parameter  analyses. 

A  great  deal  of  detail  has  been  burled  In  a  few  parameters  In  a  rather  ingenious  way,  but  many  Important 
phenomena  are  thereby  lost  and  unpradlctad.  It's  clear  that  once  experiments  on  complicated  systems 
have  established  what  phenomena  are  Involved  In  the  overall  process,  that  a  lot  can  be  done  with  computers 
if  the  requisite  Input  Information  is  available;  that  la,  Input  information  on  the  thermodynamics,  trans¬ 
port  phenomena,  and  the  kinetics.  I  think  the  papers  of  Gibson  (21)  ,  Barontl  (25)  ,  and  Guerlnl  (3) 
give  some  insight  as  to  what  can  be  done  with  digital  computation  on  fairly  complex  systems,  both  geo¬ 
metrically  complex  and  chemically  complex.  However,  the  important  condition  la  that  the  requisite  Input 
data  be  available  and  more  often  than  not,  of  course,  it  is  not  available.  Then  the  question  is,  why  and 
what  can  ba  done  about  It.  I'll  concentrate  my  remarks  now  on  unknown  kinetic  phenomena,  particularly 
gas-solid  klnet'c  phenomena.  Thera  are  usually  two  reasons  that  available  data  Is  Inadequate,  at  least 
in  my  own  view  One  is  that  much  of  the  available  Information  was  attained  under  conditions  where 
physical  phanomua  have  Intervened  In  determining  tha  rates  of  reaction  so  that  rather  than  being  able  to 
extract  fairly  general  and  elementary  kinetic  Information  one  has  the  ambiguous  situation  of  not  knowing 
to  what  extent  the  observed  rates  ware  Influenced  by  physical  phenomena  such  as  gas  phase  diffusion.  The 
second  reason  that  requisite  Information  la  frequently  not  available  la  that  the  environments  we  are  in¬ 
terested  In  are  quite  novel  In  many  respects.  For  example,  we  have  heard  papers  on  corrosion  In  Irradi¬ 
ated  atmospheres  or  In  dissociated  atmospheres,  and  In  gas  turbines  that  have  Ingested  complex  salts. 

Now  to  obtain  data,  one  must  go  to  non-classical  techniques.  It  seams  to  me,  you  cannot  just  reach  to 
the  nearest  shelf  and  pick  off  a  furnace,  pick  up  a  microbalance,  and  start  doing  same  experiments.  One 
has  to  go  to  great  pains  to  eliminate  physical  phenomena,  particularly  for  rapid  Interfacial  processes. 

I  think  at  this  conference  we  have  beard  or  will  hear  such  papers,  by  Lewis  (29)  ,  by  Grabke  (8)  on  the 
uptake  of  gases  by  metals,  and  my  own  work.  I  have  also  gone  to  great  pains  to  be  able  to  extract  and 
eliminate  physical  phenomena  in  studying  the  klnatics  of  gas-soltd  reactions.  The  second  feature  in 
these  non-classical  experiments  has  to  do  with  tha  environment  that  la  being  studied.  Now,  It's  not 
really  easentlal  that  "complete  simulation"  ba  scblevad,  but  at  least  tha  right  kinetic  processes  should 
ba  studied.  We  have  heard,  for  example  In  Hutcheon'e  paper  (16)  ,  that  you  could  be  led  far  astray  by 
examining  data  on  tha  thermal  00j  reaction  of  porous  graphlta  If  ona  wanted  to  predict  the  behavior  of 
graphite  In  a  reactor  pile.  Similarly,  if  one  la  interested  In  designing  leading  edges  for  reentry 
vehicles  and  tha  vahiclas  are  traveling  so  fast  that  fully  dissociated  or  partially  dissociated  air  Is 
being  encountered,  ona  might  be  lad  far  astray  by  looking  at  the  oxidation  kinetics  of  diatomic  gases 
when  In  fact,  an  appreciable  fraction  of  tha  Impinging  spaclss  would  ba  atomic.  Indeed  one  could  optimise 
one's  materials  based  on  stable  spaclas  reactions  and  find  that  tha  material  chosen  la  not  at  all  opti¬ 
ma  In  a  dissociated  gas.  I've  recently  basn  struck  by  how  rapidly  a  fairly  stable  material  such  as 
silicon  carbide  is  attacked  by  atomic  nitrogen  In  my  own  work.  Wa'va  also  heard  a  number  of  instances 
In  which  gas  mixture  phenomena  corns  Into  play.  This  has  basn  alluded  to  by  panel  members  here.  How  a 
small  amount  of  methane  can  severely  poison  tha  oxidation  of  graphlta.  How  small  amounts  of  oxygen  and 
sulfur  can  poison  tha  uptake  of  nitrogen  by  iron.  Wa  have  also  heard  about  silicon  carbide  and  watar 
vapor  oxygen  mixtures.  There  are  many  situations  where  one  cannot  really  anticipate  the  complications 
that  do  exist  In  tha  large  affects  that  can  ba  produced  by  small  amounts  of  species.  The  fact  of  life 
Is  that  wa  are  always  dealing  with  environments  with  mors  than  ona  chamlcsl  species  Involved.  Another 
point  that  keeps  coming  up  that  lntarasts  me  la  what  Is  tha  real  nature  of  tha  surface  under  conditions 
of  reaction?  This  came  up  again  In  the  dlscuaslon  on  tha  oxidation  of  silicon  carbide  (10)  .  Is  tha 
surface  really  covered  by  some  kind  of  a  continuous  film  of  silica?  Is  It  a  porous  film?  Under  what 
conditions  would  this  film  not  ba  present?  This  again  relates  to  tha  boron  question.  Whan  would  a  boric 
oxide  film  really  be  there?  Would  It  ba  tbare  under  all  conditions?  If  ona  added  a  different  mixture 
of  gases,  halides  to  tha  gas,  would  the  film  ba  thara?  Can  ona  affect  the  sublimation  klnatics  of  tha 
film?  It  seams  to  m  there  la  a  great  deal  of  work  naceessry  on  tha  sublimation  klnatics  of  vitreous 
and  crystalline  films  under  conditions  of  Impinging  gas  spaclas  rather  than  vacuum  sublimation.  I  think 
soma  of  tha  papers  wa  have  beard  Indicate  methods  of  studying  the  questions  of  what  tha  nature  of  tha 
surface  is.  Frequently,  ona  must  quench  these  specimens  and  do  post-mortem  type  Investigations  using 
electron  microscopy,  or  soma  kind  of  spectroscopy.  Ona  interesting  paper  Indicated  what  can  ba  learned 
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about  simple  crystalline  materials  under  conditions  of  adsorption  using  electron  diffraction  (4)  .  All 
these  experimental  studies  are  needed;  experimental  studies  in  vhlch  physical  phenomena  are  eliminated 
Judiciously,  experimental  studies  In  which  a  relevant  environment  Is  produced,  and  perhaps  In  which 
detailed  studies  of  the  nature  of  the  surface  under  reacting  conditions  can  be  examined.  These  will  all 
ultimately  lead  to  a  much  more  complete  description  of  complicated  processes  of  combustion  and  ablation. 

1  think  this  is  Important,  as  it  will  also  lead  to  enlightened  empiricism  In  making  estimates  for  future 
systems.  We  will  be  able  to  make  much  more  educated  guesses  even  where  all  the  dots  have  not  been  put  on 
the  1's,  Just  by  having  available  more  detailed  kinetic  Information  -  the  kind  I've  mentioned. 

Professor  Penner:  Thank  you  very  much,  Profesaor  Roener.  I  think  those  are  very  valid  consents. 
They  probably  have  validity  outside  of  this  specific  area  that  you  discussed,  namely,  the  kinetic  area, 
and.  In  general,  when  we  talk  about  applications,  the  man  who  has  to  do  the  grand  synthesis  has  the 
challenging  Job  of  trying  to  figure  out  what  Is  important  and  throwing  away  everything  else.  That  can  be 
very  trying  and  a  very  difficult  job,  and  In  doing  this  Job  well  he  must  draw  on  all  disciplines.  He 
really  has  to  know  much  more  than  the  man  who  studies  e  simple,  or  relatively  constrained  basic  program. 
That's  the  challenge  of  applied  science.  In  essence.  It  te  very,  very  comforting  and  at  the  same  time 
very  disconcerting  to  look  at  some  of  the  results  that  were  presented  here  and  find  the  dichotomy  between 
Input  and  output.  An  excellent  example  of  this  is  given  in  the  very  nice  paper  that  Dr.  Morgan  presented 
this  morning  (21)  .  On  the  one  hand  radiant  heat  transfer  Is  the  dominant  effect.  On  the  other  hand. 

It's  greatly  oversimplified.  Thirdly,  when  there  la  swirl  present,  which  shouldn't  really  affect  the 
radiation  except  in  a  secondary  way,  the  whole  system  doesn't  work  again.  When  you  see  data  like  these 
you  know  that  you  have  a  challenging  problem  In  vhlch  the  really  controlling  effect  has  not  yet  been 
quite  identified  adequately.  Or,  to  take  another  example,  the  very  beautiful  work  of  Dr.  BarTere  (20) 
that  shows  the  combustion  velocity  varying  very  rapidly  with  pressure,  going  through  several  maxima  and 
minima.  Wall,  what  la  all  that  about?  Obviously,  the  first  order  cut  there  doesn't  answer  the  question, 
and  ve  have  to  look  at  much  greater  detail.  And  I  think  when  you  ask  the  question  from  this  point  of 
view,  and  I  realise  I'm  doing  little  more  than  reiterating  In  slightly  different  language  what  Professor 
Roener  Just  said,  you  are  impressed  with  the  Importance  of  getting  the  right  physical  concept  from  the 
right  basic  Investigation,  and  that,  in  a  sense,  brings  us  back  to  the  very  purpose  of  this  meeting,  that 
when  these  details  come  out  wrong,  or  when  the  big  thing  comes  out  wrong,  the  detailed  input  must  be  in¬ 
correct.  Then  we  have  to  go  beck  and  redo  our  basic  concepts,  our  basic  research.  I  would  now  like  to 
open  up  this  brief  evaluation  session  to  all  of  my  colleagues  again  and  to  the  audience. 

Profesaor  McAlevy:  I  don't  pretend  to  be  e  metallurgist.  I  don't  knew  the  difference  between  a 
eutectic  and  a  etruscen,  but  1  thought,  hearing  the  coamenta  of  Professor  Classman  and  others,  there 
might  be  some  merit  in  trying  to  artlflcally  produce  on  the  surface  of  metals  that  might  be  used  in  a 
practical  application,  layers,  oxide  layers  that  don't  contain  oxygen.  I  wonder,  for  example,  if  you 
could  produce  an  exide  layer,  ualng  chlorine  Instead  of  oxygen,  that  might  in  Professor  Glaasman's 
jargen,  have  e  lower  transition  temperature?  I  would  imagine  It  would  be  more  expensive  because  nature 
gives  us  the  oxygen.  You  would  have  to  preclude  oxygen  fr«a  access  to  the  metal,  but,  under  certain 
metallurgical  conditions  that  might  be  produced,  it  might  be  possible  to  build  up  e  layer  that  has  a  much 
lower  transition  temperature,  but  not  based  on  oxygen.  Professor  Classman  shewed  (19)  that  for  ignition 
of  metal  particles  to  take  place  It  Is  necessary  to  break  away  the  oxide  layer  clinging  to  the  particle 
surface.  This  layer  always  contains  oxygen  in  chemical  combination  with  the  metal.  Would  It  be  possible 
to  prepare  particles  In  a  controlled  way  so  that  the  layer  contains,  say,  a  halogen  or  some  other  substi¬ 
tute  for  oxygen?  If  so,  the  strength  of  these  layers  might  be  'Weaker"  than  the  normal  oxygen-containing 
layer,  and  thus  it  might  be  aaaier  to  ignite  such  particles  In  practical  propulsion  situations.  Is  that 
a  possibility? 

Professor  Penner:  Professor  Glassman  will  answer  that  question. 

Professor  Glassman:  I  discussed  this  particular  point  with  Dr.  Hancock.  In  the  sense  that  you  re¬ 
call,  we  did  It  In  the  early  days  in  dealing  with  inhibited  red  fuming  nitric  acid.  We  added  HP  to  the 
acid  to  put  a  nickel  fluoride  coat  on  the  nickel  steel  tank  and  this  vae  very,  very  effective.  The 
question  arose,  well,  why  not  try  to  put  a  fluoride  coat,  say,  on  some  of  the  steels  or  nickel  steels  to 
protect  them?  We  were  thinking  of 'turbine  blades.  However,  I  am  informed  that  these  halides  were  quite 
volatile  and  when  you  get  up  to  the  temperature  that  we  are  concerned  with  that  they  would  no  longer  be 
effective.  That  was  a  bit  of  information  that  I  didn't  know  vhlch  I  learned  at  this  meeting.  I  think 
that  in  a  way  It  *newers  in  part  his  question. 

Professor  Penner:  Purther  questions? 

Mr.  Chairman:  My  name  is  James  Clark.  I  am  employed  by  the  U.  S.  Air  Force  end  work  in  the  Vehicle 
Equipment  Division  of  the  Flight  Dynamics  Laboratory  here  at  Wright  Field.  I  would  like  to  report  that 
this  meeting  of  the  Propulsion  end  Energetics  Panel  has  provided  us  with  the  answer  to  s  research  problem 
Which  Flight  Dynamics  Laboratory  has  been  seeking  since  1963.  Briefly  stated,  the  problem  was  this: 

In  1962  end  1963,  we  conducted  an  in-house  research  program  on  the  effect  of  Impressed  electric  fields  in 
the  reduction  of  high  temperature  corrosion  of  Type  347  stainless  ste«il.  The  objective  of  this  research 
program  was  to  explore  new  methods  of  reducing  the  high  temperature  corrosion  of  gas  turbine  component 
parts.  A  high  temperature  flow  channel,  simulating  a  small  wind  tunnel  was  constructed.  The  airflow  over 
the  test  model  was  1900°  at  1050  ft/sec.  The  air  was  heated  by  a  J-47  combustor  mounted  in  the  upstream 
part  of  the  flow  channel  and  burning  JP-4  fuel.  Two  aerodynamic  bodies  made  of  Type  347  stainless  steel 
were  tested.  The  first  body  wes  a  small  symmetrical  airfoil  having  the  NACA  63-004  airfoil  section.  The 
other  model  was  a  flat  plate  0.300-ln.  thick  having  a  0.15-ln.  radius  leading  and  trailing  edge.  These 
models  had  a  chord  of  3.333-ln.  and  a  length  of  2.900-ln. 

These  flow  models  were  mounted  between  end  supported  by  two  fused  quarts  plates  which  formed  the 
sides  of  the  test  section  In  this  high  temperature  combustion  gas  flow  channel.  By  supporting  the  test 
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models  with  the  quart*  plates,  they  could  be  electrically  insulated  from  the  metallic  flow  channel, 
thereby,  permitting  an  electrical  potential  to  be  applied  between  the  test  model  and  the  top  and  bottom 
of  the  flow  channel.  Tests  with  aero  positive  and  negative  potentials  were  applied  to  the  models.  The 
corrosion  rate  of  the  flat  plate  was  greater  than  that  of  the  Laminar  flow  type  symnetrlcal  airfoil. 
Also,  the  application  of  +  45  volts  to  the  models  relative  to  the  metallic  walla  of  the  flow  channel 
produced  the  following  reduction  in  the  high  temperature  corrosion  of  the  test  models: 

PERCENT  REDUCTION  IN  HIGH- TEMPERATURE  CORROSION 


Model 

+45  Volts 
to  Model 

-  45  Volts 
to  Model 

Symmetrical  Airfoil 

61.8 

69.2 

Flat  Plate 

31.6 

36.8 

After  the  completion  of  these  tests,  there  was  considerable  discussion  as  to  the  phenomena  respon¬ 
sible  for  the  reduction  of  this  high- temperature  corrosion  since  the  current  drawn  from  the  battery  was 
only  a  few  milliamps.  After  listening  to  Dr.  Karl  Hauffe's  paper  on  "Low-Temperature  Reactions  Between 
Solids  anvl  Gases"  (18)  and  discussing  this  data  with  him  in  a  private  conference  this  morning,  we  are 
both  of  the  opinion  that  this  applied  electrical  potential  changed  the  migration  characteristics  of 
either  or  both  the  electrons  and  ions  through  the  semiconductor  type  crystal  lattice  of  the  oxide  cover- 
i..t  the  test  specimens. 

The  results  of  our  discussion  indicated  that  considerable  benefits  should  be  derived  from  a  coordin¬ 
ated  research  program  in  this  new  field  of  high- temperature  corrosion  research. 

I  would  like  to  thank  you  and  others  for  the  invitation  to  attend  this  panel  meeting  and  discuss  our 
research  problems  with  Dr.  Hauffe  .  You  and  others  are  to  be  commended  on  the  excellent  papers  presented 
at  this  meeting  and  on  the  high  technical  level  of  the  entire  meeting. 

Professor  Penner:  Professor  Hauffe  would  like  to  make  a  comment. 

Professor  Hauffe:  I  believe  this  is  a  very  Important  point.  It  la  a  completely  new  idea  and  yet 
Is  not  so  new,  but  the  application  is  very  stimulating.  Your  flame,  nozzle  and  the  whole  material  is  an 
electro-chemical  cell  and  then  you  employ  an  auxiliary  electrical  field  and  you  are  perhaps  able  to  pre¬ 
vent  the  migration  of  ions  and  electrons  through  the  layer  and  this  is  very  important  so  long  as  we  have 
the  high  temperature  situation.  When  you  go  down  with  the  temperature  then  unfortunately  you  can  get 
into  a  very  complex  situation  with  breaking  off  and  cracking  effects  and  so  on,  but  this  is  exactly  what 

I  mentioned  before.  We  must  cooperate  and  find  with  the  ceramicists  new  ideas  to  achieve  good  adhesion 

effects. 

Professor  Penner:  Thank  you  very  much  Any  further  questions? 

Professor  Hancock:  I  would  Just  like  to  make  a  very  brief  comment  on  s<xne  of  the  things  that  have 
been  said  by  the  panel.  Particularly  regarding  the  comment  that  has  been  going  on  abobt  choride  Ions. 

I  think  for  many  of  us,  working  on  high  temperature  corrosion  we  spend  a  good  number  of  years  and  effort 

trying  to  atop  chloride  ions  disintegrating  oxide  films.  And  now  we  get  a  message  from  the  panel  that 

really  this  is  not  what  they  want.  That  really  they  want  to  get  an  oxide  film  which  Is  destroyed  with 
chloride.  Well,  as  a  metallurgist,  this  sounds  like  the  Promised  Land.  Do  you  really  mean  this? 

Professor  Penner:  No,  no,  I  think  this  isn't  quite  true.  I  think  the  message  coming  from  the  panel 
la  they  want  you  to  do  different  things  for  different  purposes.  When  they  are  talking  about  boron,  and 
I  want  to  disagree  with  Professor  Glassman  on  this,  the  phenomenology  is  so  rich  that  he  doesn't  think, 
and  I  do  think,  there  must  be  a  way  of  burning  it  efficiently.  That's  what  we  want  you  to  do,  find  out 
what  the  additive  ought  to  be  to  boron  or  to  the  ges  to  accomplish  that,  in  that  instance.  But  for  the 
turbine  blade  that  works  in  a  sea  environment,  we  want  you  to  put  a  permanent  coat  on  it  so  that  it  will 
never  corrode  at  all. 

Professor  Hancock:  Yes,  but  this  is  my  point.  The  problem  here  at  the  lower  temperatures,  around 
a  thousand  degrees  C,  la  to  keep  a  coherent  film.  As  I  understand  it,  the  problem  in  combustion  is  to 
make  sure  that  this  film  is  broken  down.  Now,  it  seems  to  me  that  in  the  oxidation  work  we've  all  stopped 
short  of  thlA  because  structurally,  as  I  said  this  morning,  you*ve  begun  to  lose  Interest  at  about  2/3 
of  the  melting  point.  And  so  one  stops  doing  tests  here,  but  it  seems  to  me  that  you've  really  reopened 
this  field  in  a  negative  aenaa.  I  rapaat,  it  saams  like  a  Promised  Land  to  me. 

Professor  Penner:  If  you've  got  a  new  horlson  because  of  this  meeting,  than  we've  been  successful. 

I  want  to  thank  you  for  coming,  mod  these  four  gentleman  for  their  excellent  consents.  Thank  you  again. 


IV.  CONCLUSION 


There  was  general  agreement  that  the  interdisciplinary  character  of  the  conference  had  lad  to  a 
fruitful  exchange  of  views  by  giving  new  perspectives  to  the  participants  on  areas  of  application  of 
their  work  and  on  desirable  directions  for  new  studies. 
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